adaptation of rats to intermittent hypobaric hypoxia is accompanied by the increased association of hexokinase with mitochondria. J Appl Physiol 119: 1487-1493, 2015. First published October 22, 2015 doi:10.1152/japplphysiol.01035.2014.-Chronic hypoxia increases the myocardial resistance to acute ischemia-reperfusion injury by affecting the mitochondrial redox balance. Hexokinase (HK) bears a high potential to suppress the excessive formation of reactive oxygen species because of its increased association with mitochondria, thereby inhibiting the membrane permeability transition pore opening and preventing cell death. The purpose of this study was to determine the effect of severe intermittent hypobaric hypoxia (7,000 m, 8 h/day, 5 wk) on the function and colocalization of HK isoforms with mitochondria in the left (LV) and right ventricles of rat myocardium. The real-time RT-PCR, Western blot, enzyme coupled assay, and quantitative immunofluorescence techniques were used. Our results showed significantly elevated expression of HK isoforms (HK1 and HK2) in the hypoxic LV. In addition, intermittent hypoxia increased the total HK activity and the association of HK isoforms with mitochondria in both ventricles. These findings suggest that HK may contribute to the cardioprotective phenotype induced by adaptation to severe intermittent hypobaric hypoxia.
ACUTE MYOCARDIAL INFARCTION, which may ensue as a result of ischemia-reperfusion (I/R) injury, is the leading cause of death and disability among patients with cardiovascular diseases. One of the most effective cardioprotective interventions increasing the resistance of hearts to I/R injury is adaptation to chronic hypoxia. It has been reported that populations living at high altitude have a lower incidence of myocardial infarction (11) and lower mortality rates of ischemic and coronary heart diseases (23, 45) . The cardioprotective effects of adaptation to chronic hypoxia were also demonstrated in many experimental studies using animal models (21, 20, 25, 26, 27, 33, 44, 48) . However, the molecular mechanism of cardioprotection afforded by adaptation to chronic hypoxia is still not well understood.
Reactive oxygen species (ROS) produced by complex I and III within the mitochondrial electron transport chain are important factors responsible for myocardial I/R injury. Potential candidates maintaining ROS formation at low level in cardiomyocytes are two isoforms of mitochondrial hexokinase (HK), HK1 and HK2. These HK isoforms bind to mitochondria via the voltage-dependent anion channel (VDAC) (1, 36, 41) and highly support oxidative phosphorylation by increasing the availability of ADP for complex V of the respiratory chain (8) . This helps to maintain an optimal membrane potential and prevent overproduction of ROS (38, 42) . Binding of HK to mitochondria can also reduce the probability of apoptosis initiation (2, 18, 30) . It inhibits binding of the proapoptotic protein Bax to the outer mitochondrial membrane (31) , thereby preventing the opening of mitochondrial permeability transition pore and cytochrome c release (2, 4, 22) .
The cytoprotective mechanism of HK lies in its binding with mitochondria, which can be enhanced under ischemic conditions (43) , by increased level of insulin (43, 49) , by morphine administration (49) , or by increased concentration of glucose (13) . However, the association of HK with mitochondria under conditions of severe chronic intermittent hypoxia has not yet been investigated. The present study provides a novel insight into the HK localization and function potentially related to protective cardiac phenotype conferred by adaptation to hypoxia.
MATERIALS AND METHODS

Animal model. Adult male Wistar rats (Charles River Laboratories
International, Germany) were exposed to intermittent hypobaric hypoxia for 8 h/day (IHH-8), 5 days/wk as previously described (16) . Barometric pressure (Pb) was lowered stepwise, so that the level equivalent to an altitude of 7,000 m (Pb ϭ 41 kPa, PO 2 ϭ 8.6 kPa) was reached after 13 hypoxic episodes and then maintained for another 13 episodes. For the remaining time between hypoxic episodes, the animals were housed at Pb equivalent to an altitude of 200 m (Pb ϭ 99 kPa, PO 2 ϭ 20.7 kPa) under the same conditions as normoxic controls (N). All animals were fed a standard laboratory diet and kept at a 12:12-h light/dark cycle. The maintenance and handling of the animals were in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). The experimental protocol was approved by the Animal Care and Use Committee of the Institute of Physiology, Czech Academy of Sciences.
Tissue preparation. All rats were killed by decapitation, and their hearts were rapidly excised and washed in ice-cold saline. For biochemical analyses, the left (LV) and right (RV) ventricles were dissected, weighed, and used fresh or immediately frozen in liquid nitrogen for further analyses. Frozen tissue pieces were pulverized in liquid nitrogen and subsequently homogenized either in homogenization buffer [ Melting curve analysis was performed to ascertain the presence of a single amplicon for each pair of primers. Standard curves were generated for each pair of primers using a series of threefold serial dilutions of cDNA. The amplification efficiency of the PCR reaction for each primer pair was then calculated from the standard curve to estimate precisely the relative transcript expression. Transcript levels were normalized to the level of the HPRT1 transcript. High expression stability of HPRT1 has been established previously (5) . The expression level of mRNA was normalized with regard to specific PCR efficiency (E) for each gene according to the following formula (32) 
SDS-PAGE and Western blot analysis.
All steps of protein separation and immunodetection were performed essentially as described previously (46) . Homogenate samples (20 g/lane) from each experimental group and from both ventricles were always run on the same gel and quantified on the same nitrocellulose membrane. Samples of isolated mitochondria (20 g/lane) from normoxic and hypoxic groups were also run on the same gel and quantified on the same nitrocellulose membrane; LV and RV samples were run on different gels and analyzed separately. Analysis of each membrane was repeated four times for each antibody, and the results were normalized to the total protein. The total protein concentration was used as the most suitable referential value (3), actin and ATP synthase proteins were only used as loading controls in homogenates and isolated mitochondria samples, respectively. The primary polyclonal antibodies rabbit anti-HK1 (sc-28885, ab78420) and rabbit anti-HK2 (sc-28889, ab78259) were from Santa Cruz Biotechnology (Dallas, TX) and Abcam (Cambridge, UK). The anti-rabbit secondary antibody conjugated to horseradish peroxidase was obtained from GE Healthcare Amersham (Little Chalfont, UK).
Isolation of mitochondria. The fresh LV and RV were immediately placed in the BIOPS buffer (http://www.bioblast.at/index.php/ MiPNet03.02_Chemicals-Media, Oroboros Instruments, Innsbruck, Austria). The tissue was cut into pieces, homogenized with homogenization buffer [0.25 M sucrose, 10 mM TRIS, 2 mM EDTA, 2 mM EGTA, BSA (0.5 mg/ml), pH 7.2], and centrifuged at 600 g and 4°C for 10 min. The supernatants were filtered through nylon filter and centrifuged at 10,000 g and 4°C for 10 min. The resulting supernatants representing the cytosolic fraction were stored at Ϫ80°C for further analyses. Pellets were resuspended in 0.25 M sucrose and 10 mM TRIS (pH 7.2) and centrifuged at 10,000 g and 4°C for 10 min. Supernatants were discarded and final pellets containing mitochondria were resuspended in the same buffer and stored at Ϫ80°C for further analyses.
Enzyme activity analysis. The specific HK enzyme activity was determined by enzyme-coupled assays by measuring the increase in absorbance at 339 nm using a multireader system Synergy HT (Bio Tek, Bad Friedrichshall, Germany). The HK activity was assessed according to a slightly modified Worthington protocol (http://www.worthingtonbiochem.com/HK/; Worthington Biochemical, Lakewood, NJ). The specific enzyme HK activity was expressed as units per gram protein (U/g; Units of Enzyme Activity, 1979). The detailed procedure was described earlier (47) .
Preparation of cryosections. Hearts were rapidly excised and perfused under constant pressure with relaxing calcium free Tyrode's solution (in mM: 140 NaCl, 5.4 KCl, 1 Na 2HPO4, 1 MgCl2.6H2O, 10 glucose, 5 HEPES, pH 7.4) for 2 min and then by 4% methanol-free formaldehyde (Thermo Fisher Scientific, Rockford, IL) for 3 min using Langendorff apparatus. Thereafter, hearts were immersed in 4% formaldehyde for the next 1 h and incubated in 20% sucrose overnight. Ventricles were cut transversally in one-third from apex, separated, snap-frozen in liquid nitrogen, and then stored in Ϫ80°C. Cryosections (5-7 m) were prepared from frozen ventricles using a cryostat (Leica CM3050, Leica-microsystems, Wetzlar, Germany). Eight cryosections from each normoxic or hypoxic heart were used for indirect immunofluorescence staining.
Immunofluorescence staining. Cryosections were fixed in 4% methanol-free formaldehyde (Thermo Fisher Scientific) and permeabilized in 100% ice-cold methanol. Nonspecific binding sites were blocked for 1 h at room temperature in an appropriate serum diluted in PBS containing 0.3% Triton X-100 and 0.3 M glycine (Sigma-Aldrich). Cryosections were incubated with primary polyclonal antibodies against HK1 (ab78420) and HK2 (ab78259) and with donkey antirabbit IgG secondary antibody conjugated with Alexa Fluor 488 (Invitrogen, Molecular Probes, Carlsbad, CA). The mitochondrial compartment was stained with MitoProfile BlueNative OXPHOS Antibody Cocktail (Abcam) and subsequently with goat anti-mouse Alexa Fluor 647 secondary antibody (Invitrogen). Sections were mounted in ProLong Gold Antifade Reagent containing a nuclei marker 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and stored at 4°C.
Quantitative fluorescence microscopy. The images were acquired using a wide-field fluorescence microscope (Olympus Cell IX2-UCB, Olympus, Hamburg, Germany) equipped with Plan-Apochromat 100ϫ/1.4 NA objective. Images were acquired using Hamamatsu ORCA camera C4742-80-12AG (Hamamatsu, Shizuoka, Japan), and the fluorescence intensity was measured using Fiji ImageJ open source software (39) . Eight positions on each cryosection (four for each ventricle) were sequentially acquired for red (AlexaFluor 647) and green (AlexaFluor 488) channels. Each position was optically sectioned at 0.5-m steps resulting in ϳ12 focal planes depending on specimen thickness. Each position was captured twice to calculate the influence of the image noise. Images were deconvolved using the No Neighbour algorithm of Olympus Soft Imaging Solutions software. The background subtraction (roll ball 25) and default auto threshold setting were applied before the Pearson's correlation coefficient calculation. The Pearson's correlation coefficient between the fluorescence signal of HK1 or HK2 isoforms and the mitochondrial OX-PHOS complex was calculated using an ICA plugin of Fiji ImageJ software (17) .
Statistical analyses. Five hearts from each experimental group were used for WB, enzyme activity, and real-time RT-PCR analyses, and six hearts were used for quantitative fluorescence analyses. The WB immunoreactivity and relative mRNA abundance were expressed as a percentage of total. The statistical differences between normoxic and hypoxic groups were determined by the unpaired Mann Whitney test (P Ͻ 0.05) using the GraphPad Prism 5.00 software. All data are shown as means Ϯ SE.
RESULTS
Adaptation to intermittent hypobaric hypoxia resulted in a marked increase of the RV weight by 51% and also in a moderate increase of the LV weight by 16%. The relative RV and LV weight increased by 73% and 25%, respectively (Table  1) , which was in line with our previous studies (3, 16) .
The real-time RT-PCR analyses showed that the mRNA level of HK1 did not change after adaptation to IHH-8 (Fig.  1A) , but the HK1 protein significantly increased by 101% in the LV and decreased in the RV (Fig. 1, C and E) . The HK2 mRNA significantly increased by 68% in the LV and remained unchanged in the RV (Fig. 1B) . The protein level of HK2 increased by 89% in the LV and tended to increase in the RV (Fig. 1, D and E) . Unlike the expression of HK isoforms, the total HK activity was significantly increased by adaptation to IHH-8 in the LV as well as in the RV by 28% and 34%, respectively (Fig. 2) . The fluorescence analysis of myocardial images showed that adaptation to IHH-8 significantly increased the colocalization of HK1 and HK2 with mitochondria in the LV (by 13% and 11%, respectively) as well as in the RV (by 20% and 22%, respectively) (Fig. 3) . These findings were corroborated by the fractionation and WB methods showing a marked increase of HK1 and HK2 protein levels in the isolated mitochondria from the hypoxic LV (by 28% and 103%, respectively) and RV (by 66% and 193%, respectively) (Fig. 4) .
DISCUSSION
The present study has demonstrated that adaptation of rats to severe intermittent hypobaric hypoxia significantly increased the total HK activity in the LV, which is in agreement with elevated HK1 and HK2 protein levels. These results are consistent with the observation that adaptation to chronic hypoxia results in the activation of glycolysis (9) . The HK2 mRNA also increased after adaptation to IHH-8, which can be related to a higher transcriptional activity of hypoxia inducible factor Fig. 3 . Representative images of longitudinal cryosections showing the colocalization of HK1 (A) and HK2 (B) with mitochondria in the myocardium of left (LV) and right (RV) ventricles from normoxic rats (N) and from rats adapted to intermittent hypobaric hypoxia (IHH-8). Green color represents the specific HK1 or HK2 staining and the blue color indicates the nuclear 4=,6-diamidino-2-phenylindole (DAPI) staining. Red color represents the mitochondrial compartment (I-V complexes). Yellow-orange color indicates increased colocalization of HK1 and HK2 with mitochondria in the IHH-8 group, expressed as the Pearson's correlation coefficients (C and D). Scale bar represents 10 m. These images were improved by the median filter with a radius of 2 pixels. Values are mean Ϯ SE (n ϭ 6). *P Ͻ 0.05 vs. corresponding N.
(HIF). It is generally accepted that the HIF1 activates expression of many glycolytic enzymes (reviewed in Refs. 19, 40) , including HK2 (34, 15) , and plays an important role in the regulation of HK2 transcription under hypoxia (34) . The HK1 mRNA remained unchanged, whereas the HK1 protein increased. The disproportionate responses of HK1 mRNA and HK1 protein may suggest different regulatory mechanisms on the transcriptional or posttranscriptional level. Interestingly, different response of HK1 at the mRNA and protein levels has been also observed in the human lung cell line A549 exposed to hypoxia (34) . On the basis of the HK protein levels and the total HK activity, we can suggest that IHH-8 leads to the activation of glycolysis in the LV to maintain energy homeostasis under conditions of limited oxygen availability. The present findings also suggest that the response of glycolytic metabolism to severe IHH-8 adaptation is similar to that observed under moderate continuous normobaric hypoxia (10% O 2 ) (47), where oxidative stress is well compensated as documented by unchanged ratio of reduced to oxidized glutathione (GSH/GSSG) (14) .
In the RV, the mRNA levels of both HK isoforms remained unchanged under the present experimental conditions, but the HK1 protein significantly decreased and the HK2 protein only tended to increase, which may be attributed to massive RV hypertrophy due to hypoxic pulmonary hypertension. Nevertheless, the total HK activity markedly increased in the RV, which was likely associated rather with the HK2 than HK1 protein. The possible explanation of an elevated HK activity can be the allosteric regulation of the enzyme as discussed in more detail in our previous study (46) . The HK activity has been found to be regulated posttranslationally by kinases, such as the 5=AMP-activated protein kinase, which is activated by hypoxia (7, 12, 24) . The HK activity can be also modulated by its substrate availability and product concentration. It has been reported that hypoxia can increase the glucose flux into cardiomyocytes (9, 10, 35) as well as the HK activity (6, 37, 47) . In addition, the HK activity rises due to an increase of HK association with mitochondria (28) .
Quantitative immunofluorescence analysis and immunodetection of HK proteins in isolated mitochondria revealed that adaptation to IHH-8 significantly increased the colocalization of both HK isoforms with mitochondria in the LV as well as RV. These data suggest that hypoxic adaptation, which is associated with ROS-dependent signaling (16) , may lead to the activation of prosurvival pathways that can involve binding of HK to mitochondria. The present model of chronic hypoxia corresponding to the altitude of 7,000 m represents rather extreme conditions in terms of adaptive potential compared with the moderate continuous normobaric hypoxia used in our previous study (47) . However, this model still provides cardiac phenotype characterized by increased resistance to I/R injury (16, 26) , despite the fact that it is associated with oxidative stress as indicated by a decreased GSH/GSSG ratio and increased content of lipofuscin-like pigments (16) . Moreover, both caspase 3 and 8 were increased at mRNA level and the Bax/Bcl2 ratio decreased at protein level under these conditions (unpublished results). In contrast, moderate continuous normobaric hypoxia (10% O 2 ) affected neither the GSH/GSSG ratio (14) nor the association of HK with mitochondria (47) . Taken together, it can be assumed that the cardioprotective role of HK lies in its interaction with mitochondria, which depends on the degree of hypoxia and regimen of adaptation. The observed upregulation of HK1 and HK2 proteins and the increase of total HK activity in the LV together with the increased association of these enzymes with mitochondria may be related to the hypoxia-induced protective metabolic effects engaged in the coupling of mitochondrial oxidative phosphorylation and subsequent prevention of the overproduction of ROS in this compartment. The mitochondrially bound HK has been shown to play a key role in cardiac prosurvival mechanisms activated by ischemic preconditioning (29) . Therefore, it can be inferred that HK may contribute to the cardioprotective mechanism induced by severe intermittent hypobaric hypoxia, which represents an extreme model of adaptation.
Conclusion
The present study has demonstrated that adaptation to severe intermittent hypobaric hypoxia upregulates HK1 and HK2 proteins in the LV, increases the total HK activity in the LV as well as RV, and in addition, it increases the association of HK1 and HK2 with mitochondria in both ventricles. These findings suggest that HK may promote survival of cardiomyocytes and thus play an important role in the cardioprotective mechanism induced by adaptation to severe intermittent hypobaric hypoxia. 
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